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ABSTRACT 


The generation of tip vortices from finite-span 
lifting surfaces degrades the overall effectiveness of 
these surfaces. An extensive literature survey per- 
taining to this viscous rollup phenomenon and the 
numerous concepts advanced for its alleviation has 
been made. Those concepts which appear applicable to 
delaying the formation of marine propeller tip vortex 
cavitation are highlighted, and further experimental 
investigations are recommended. 


ADMINISTRATIVE INFORMATION 
The research reported in this paper was sponsored by the in-house 
independent research (IR) program of the David W. Taylor Naval Ship 
Research and Development Center (DINSRDC). Funding was provided under 
Program Element 61152N, Project ZR 00001, Task Area ZR 0230101, and 
Work Unit 1544-329. 


INTRODUCTION 

On a lifting surface of finite span, the pressure difference between 
the pressure and the suction sides must disappear at the surface tip, 
so that lateral pressure gradients of opposite signs exist on these two 
sides. The spanwise velocity components are similarly of opposite sign, 
and this gives rise to trailing vortices, particularly at the wing tip, 
as shown in Figure 1. This tip vortex phenomenon presents special problems 
in practically all applications of winglike bodies, e.g., the noise and 
vibration caused by the interaction of the concentrated tip vortex trailed 
from the tip of a helicopter rotor with a following blade, and the 
potential hazard associated with the loss of control of light aircraft 
which follow in the trailing tip vortex wake of heavier aircraft. Addi- 
tionally, in the case of the marine propeller, this phenomenon can lead 
to the situation where the local pressure in the tip vortex core reduces 
to the vapor pressure of the liquid, resulting in cavitation and its 
attendant problems. i 

The severity of the tip vortex problem is determined by the intensity 


or strength and location of tip vortices. Although numerous concepts have 


Figure 1 - Tip-Vortex Rollup Process 


been advanced for the alleviation of this phenomenon, no fundamental solu- 
tion to the problem is yet feasible because the details of the complex flow 
are not known, and the analytical tools have not yet been developed to pro- 
vide design guidlines. As a result, a majority of the work in this area is 
fragmented and empirical in nature, being guided primarily by intuition and 
observation; the results cannot usually be generalized and are restricted 
to the specific application or investigation. 

The present study attempts to identify, through an extensive literature 
survey, the work pertinent to the tip vortex rollup phenomenon and its 
alleviation. Over 150 documents are identified and cataloged. In addition, 
those alleviation concepts which hold promise for the delay of tip vortex 
cavitation on marine propellers are given closer consideration, and appro- 


priate experimental investigations are recommended. 


BRIEF DESCRIPTION OF TIP VORTEX LITERATURE 

The large volume of literature devoted to the tip vortex rollup phe- 
nomenon attests to both the importance of the associated problems and the 
lack of a fundamental understanding of the mechanism involved. Approxi- 
mately 60 percent of the papers reviewed in the present survey represent 
experimental work which attempts to define the nature of the rollup process. 
Although the results of these investigations have begun to identify the 
pertinent parameters governing the vortex rollup process, they have not 
provided the generalized tools necessary for its prediction. As a result, 
the remaining 40 percent of the papers reviewed comprise experimental 
studies which are directed solely to the solution of the tip vortex problem. 
The literature dealing with the analytical representation of the viscous 
rollup will be reviewed in the next section. 

A bibliography of all the literature reviewed is given in the Appendix. 
In addition, a capsuled highlight of each of the bibliography references is 
given in Table Al of the Appendix. As seen in the Appendix, the large 
volume of tip-vortex-related literature offers very little information with 
regard to marine propellers, and particularly to tip vortex cavitation. 


Of the 40 percent of the literature dealing with tip vortex alleviation 


concepts, only a few papers consider the marine propeller. Im fact, a 
majority (over 80 percent) of the work in this area is associated directly 
with the aircraft industry. However, although the particular applications 
are quite different, the results of the aircraft tip vortex alleviation 
work can be applied, to varying degrees, to the marine propeller. The 
limits of applicability and the disparities in the literature will be high- 


lighted in later sections of this report. 


REPRESENTATION OF TIP VORTEX ROLLUP 

The earlier attempts--Lamb and Prandtl--to represent the complex vortex 
rollup phenomenon generally consisted of a simplified, two-dimensional, 
inviscid theory, where a vortex sheet emanates from the trailing edge of 
a lifting wing and rolls up, in the form of a spiral, under the action of 
its self-induced velocity field. The initial strength of the vortex sheet 
is determined by the spanwise load distribution of the wing. This over- 
simplified model failed to correctly predict the sizes and strengths of 
the observed vortices. As more experimental data emerged, later models 
became more realistic and elaborate; for example, these models began to 
incorporate both the viscous ePFoot governed by the wing-tip boundary 
layer and an observed axial meteeteys in the vortex core, which basically 
introduced a three dimensionality to the models. A recent vortex core 
aeaesantaeion.— shown in Figure 2, includes four distinct regions: (1) 
a viscous inner region, (2) a smoothed-out spiral where the velocity dis- 
tribution is essentially inviscid, (3) a tightly wound spiral, and (4) an 
external region containing the unrolled portion of the vortex sheet. 

Some results from this theo are compared with experiment > in Figure 
3, which shows the variation of the vortex core axial velocity Wo with 
Reynolds number R.: The observed disagreement is not totally unexpected 
since the theory is confined to laminar flow, which renders comparison with 
high-Reynolds-number, turbulent-flow, wind-tunnel experiments somewhat 
uncertain. In addition, these models are limited to very simple wing 


planform and loading distribution. Recently, numerical Pecnnianeen have 


*A complete listing of references is given on page 59. 
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Figure 2 - Proposed Spatial Distribution of Vortex Structure: 
1 - Viscous Inner Region; 2 - Smoothed-Out Spiral, 
Velocity Distribution Essentially Inviscid; 
3 - Tightly Wound Spiral; and 4 - 
Unrolled Portion of Vortex Sheet 
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Figure 3 - Variation of Tip-Vortex Core Axial Velocity Wo with 
Reynolds Number Ro 


been employed to predict the fully rolled up vortex sheet. However, 
judgement must wait until some initial computational difficulties are 
resolved. 

In summary, the most widely held theories for tip vortex rollup in- 
volve the role of the wing-tip boundary layer and assume a laminar vortex 
structure for simplicity. As a result of theoretical deficiencies, the 
models fall short of predicting the turbulent tip vortex rollup and the 
resulting vortex characteristics. The three-dimensional aspects of the 
crossflows and the turbulent vortex are issues which remain unsolved and 
await further study. 

Although the theoretical representations are still evolving, the 
results of these analytical efforts, to date, in conjunction with the ex- 
perimental observations, offer an insight to a general understanding of the 
viscous rollup process. The two common parameters identified as governing 
the formation of the tip vortex are: 

¢ the spanwise distribution of the lifting surface circulation, and 

* the detailed configuration of the lifting surface tip geometry. 

Both the magnitude and distribution of the spanwise circulation 
directly control the basic shape and strength of the resulting tip vortex. 
In addition, the wing tip geometry can be as equally significant in chang- 
ing both the rollup process and the nature of the flow forming the vortex. 
Experimental observationsr have indicated that the strength and stability 
of the tip vortex is sensitive to changes in velocity due to the wing-tip 
boundary layer and also to the turbulence level of the flow entering the 
vortex core. 

The spanwise circulation distribution is fixed for a majority of the 
lifting surface applications. Thus, a majority of the efforts to reduce the 
tip vortex and the associated problems have involved modification of the 
wing tip geometry. One exception is the marine propeller, where the cir- 
culation or loading is decreased in the area of the tip for the purpose of 
improving tip vortex cavitation performance. The intent of these various 
modifications is to either delay or dissipate the tip vortex without an 
unreasonable penalty in efficiency. The remainder of the present study 
will involve a discussion of these various concepts and their potential 


applicability to the marine propeller and tip vortex cavitation. 


TIP VORTEX ABATEMENT CONCEPTS 
SCHEMES PROPOSED IN THE LITERATURE 

The literature identifies approximately twenty concepts for allevi- 
ating tip vortex. These concepts, some of which are shown in Figure 4, 
generally involve wing tip modifications. Table 1 identifies the biblio- 
graphy listing with the particular concept considered. Comparison of the 
relative merits between concepts is difficult due to differences in the 
experimental procedures, the recorded data, and the operational Reynolds 
number RQ 

Figure 5 shows the range of investigative Reynolds number Ro and angle 
of attack a for the various concepts shown in Figure 4. The majority of 
these investigations were performed in low-speed wind tunnels and involved 
far-field wake surveys of vorticity generated by planar wings. Approxi- 
mately one-half of the investigations include some force data to determine 
the efficiency of the concept. Only a small percentage of the studies were 
performed in water and recorded cavitation data. 

In light of the above findings, it is apparent that the results of the 
literature offer very limited guidance when considering the problems of 
delaying tip vortex cavitation on a marine propeller. The crucial cavita- 
tion inception data and the wing near-field wake data are generally not 
available. In addition, for application to marine propellers, any concept 
must be evaluated with regard to certain practical aspects, e.g., structural 
suitability, reliability, and operational environment. Also, the concept 
should not be a source of any additional local cavitation and should not 
introduce prohibitive performance penalties. These requirements should 


be kept in mind as the details of the various concepts are discussed. 


SPANWISE LOAD DISTRIBUTION 

The strength of the tip vortex is strongly dependent on the magnitude 
of the spanwise load distribution near the tip. As the loading shifts in- 
board, away from the tip, the tip vortex strength decreases. This is 
accomplished for aircraft through the use of wing flaps, which effectively 


change the wing aspect ratio, and for propeller blades through appropriate 
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Figure 4 - Illustration of Schemes for Alleviating Tip Vortex 
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pitch and camber changes. The benefit of this concept is shown in Figure 6 
which presents cavitation inception data® for a pair of propellers, one 
with and one without a 10 percent pitch reduction at the tip. As shown, 
the variation of cavitation index o with advance coefficient J, is lower 


A 
for the reduced pitch propeller by approximately 0,/o, ~ 4/3 for J, = 0.80; 


A 
which corresponds to a ratio of free-stream speeds of 1.15, i.e., an 
increase in tip vortex cavitation inception speed of approximately 15 
percent. Although this concept has proven effective, the propeller 


efficiency suffers a decrease on the order of 5 percent. 


PLANFORM: DELTA, SWEEP, AND OGEE TIP 

A change in planform shape can alter the wing spanwise load distribu- 
tion, and hence the strength of the tip vortex. This is the primary differ- 
ence between the delta planform and the rectangular planform. Also, for the 
delta planform, a strong spanwise flow exists along the sweptback leading 
edge, which significantly alters the characteristics of the vortex rollup. 
Apparently, the rollup occurs over a much larger area, resulting in a less 
concentrated vortex. In the case of marine propellers, this same effect is 
obtained with blade skew. However, model oxpenimente! failed to demonstrate 
any improved tip vortex cavitation performance with increased propeller 
blade skew. One difficulty reported in Reference 7 is distinguishing 
between tip vortex cavitation and leading edge surface cavitation. 

The OGEE tip planform (Figure 4) is a concept specifically designed 
for helicopter rotors to increase rotor overall efficiency through re- 
duction in the induced drag associated with the tip vortex rollup. This 
improved performance is achieved by a rather complex flow process where 
secondary vortices interfere, destructively, with the primary tip vortex. 
The results from OGEE tip investigations are somewhat conflicting: opti- 
mistic menor’ indicate a 75 percent reduction in vortex core peak tan- 
gential velocities with a 5 percent increase in efficiency, but less opti- 
mistic reports” indicate decreases in vortex core velocities with decreases 
in rotor efficiency. In addition, the effectiveness of the OGEE tip is 


reduced significantly for rotor off-design operation. Based upon the 
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Figure 6 - Variation of Propeller Tip Vortex Cavitation Index 0 


with Advance Coefficient ae with and without 
Tip Pitch Reduction 


(Data from Reference 6) 
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questionable performance limitation, the adaptation of an OGEE tip plan- 
form to a marine propeller appears, at best, marginal. 

An increase in the lifting surface area is another planform change 
which can improve tip vortex cavitation performance. The thicker viscous 
boundary layer associated with a larger planform area increases the viscous 
mass flow entering the vortex core, thus accelerating the vortex core decay. 
The benefit of this concept is shown in Figure 7 which presents cavitation 
inception datace for several propellers--all with identical loading distri- 
butions. As shown, the variation of cavitation index o as a function of 
advance coefficient J is substantially lower for increasing blade area, 


e.g., at design J, = 0.833, the 4132 and 4133 propellers, with area ratios 


A 
of 0.303 and 1.212 respectively, show a 0/05 ~ 8.8/4.2, which corresponds 
to a ratio of free-stream speeds of 1.40. However, the increased blade 
area also results in increased blade drag, and thus decreased propeller 


efficiency. 


WING TIP EDGE DETAIL 

The chordwise edge of a wing tip can be finished by being rounded, 
squared, or tapered sharp. Investigations of wing tip edge details have 
aepenease 2 varied and contradictory observations. However, the discon- 
tinuity of a sharp or squared edge appears to disturb the tip vortex rollup 
process in a somewhat favorable manner. Although, intuitively, little gain 


would be expected, this simple modification could prove beneficial. 


SERRATED LEADING EDGE 

A serrated wing-tip leading edge (Figure 4) produces a much higher 
level of turbulent flow entering into the tip vortex core. This increased 
turbulence destabilizes or accelerates the decay of the tip vortex. Exper- 
imental sieniiest = with serrated leading edges report a small increase in 
wing efficiency for small angles of attack and identify the serration size 
and density as important parameters. The adaptation of this concept to the 


marine propeller would likely produce additional local cavitation. 
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TIP VORTEX CAVITATION INCEPTION INDEX o 
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Figure 7 —- Variation of Propeller Tip Vortex Cavitation Index as a 
Function of Advance Coefficient for Various Propeller Area Ratios 


(Data from Reference 10) 
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POROUS TIP 

Wing tip porosity refers to perforations, of varying size, distribu- 
tion, and density, which connect the pressure and suction sides of the 
lifting surface tip. The porosity concept may produce several beneficial 
effects with regard to delay of tip vortex cavitation, e.g., the perfora- 
tions connecting the pressure and suction sides will tend to decrease the 
local circulation and shift the spanwise load distribution inboard, away 
from the tip, thereby reducing the tip vortex strength. In addition, the 
perforations may produce a higher level of turbulent flow entering the 
vortex core and also direct an additional opposing mass flow into the core, 
both of which would tend to produce destabilizing effects. 

As indicated in Table 1, this concept has received much attention for 
aircraft application. Investigations, both modedan and oiaeeaile, have 
indicated a substantial reduction in the vortex core near-field tangential 
velocity, with a minimal drag penalty. 

Figure 8 presents wind tunnel Aaeao which shows the effect of wing 
tip porosity on both the tip vortex characteristics and the wing perfor- 
mance. As seen for a modest tip porosity of approximately 15 percent, a 
substantial reduction of up to 70 percent in the vortex core tangential 
velocity is achieved for a minimal decrease and increase of the wing 
efficiency and drag, respectively. 

Similar qualitative results are also reported for a porous tipped 
propeller. However, careful attention must be given to the perforation 
alignment and finishing in order to avoid local surface cavitation 

For the alleviation of tip vortex cavitation on marine propellers, the 
porosity concept appears to be attractive. The results indicate that it is 
efficient and it is extremely simple and practical. However, care must be 


exercised to avoid local surface cavitation. 


ENDPLATES, WINGLETS, FENCES, AND CONTRAVANES 

The attachment of vertical endplates to the wing tip (Figure 4) signif- 
icantly interferes with the tip vortex rollup. Numerous investigations re- 
port that the endplate retards the rollup, thereby increasing the tip 


loading. In addition, the increased endplate surface area tends to disperse 
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and reduce the strength of the forming tip vortex. However, these gains 
are accompanied by a large drag increase and a loss in overall efficiency. 
The drooped wing is a similar concept which represents one-half of an end- 
plate. Experimental semdivase” with this concept indicate an optimum drooped 
wing attachment angle, with respect to the parent wing, of 90 degrees. 

The winglet (shown in Figure 4) is a recent sophisticated adaptation 
of the endplate which employs highly efficient lifting surfaces at the wing 
tip. This concept has received attention in the aircraft industry as a 
means of increasing the wing cruise efficiency through reductions in the tip 
vortex-induced drag. Winglet model sendhiest” have reported reasonable in- 
creases in performance and reduced strength of the near-field tip vortex. 
These investigations have also shown that, to be effective, the winglets 
must be designed with extreme care. The present winglet design for aircraft 
is quite fragile and, thus, may not be structurally suited for application 
to marine propellers. 

The fence is a form of vertical endplate which is repositioned inboard, 
of the wing tip. Its characteristics are similar to those of the endplate; 
however, the effects on the tip vortex decrease as it is moved inboard or 
away from the wing tip. Reporte show that the fence increases the level 
of turbulent flow entering the tip vortex and, thus, reduces the far-field 
vortex tangential velocities by as much as 70 percent. However, due to the 
inboard location, the fence would have less effect on the tip vortex near- 
field region--the region of interest for propeller tip vortex cavitation. 

Contravanes (shown in Figure 4) generally refer to a localized group 
of small fences which are specifically oriented in such a way as to re- 
direct the incoming flow and oppose the vortex rollup. Past studies 
indicate that contravanes are more effective than fences and maintain good 
efficiency. 

In addition to the reported performance limitations, all of the 
endplate-type concepts discussed above would be susceptible to local cavita- 
tion. Also, secondary vortices would be likely to emanate from the various 
surface intersections. Therefore, the use of these devices on marine 


propellers appears questionable. 
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BULBOUS TIP 

A wing tip bulb is defined as any selective increase in the wing tip 
thickness, e.g., aircraft wing tip tanks or pods. The thicker tip viscous 
boundary layer associated with the bulb increases the viscous mass flow 
entering the vortex core, thus destabilizing or dissipating the vortex core 
energy. In addition, the bulb may act in a manner similar to an endplate 
and retard the tip vortex rollup process. 

The bulbous tip concept has been applied, with varying degrees of 
success, to both model and fuillageaile’” marine propellers. The benefit of 
this device is shown in Figure 9, which presents cavitation inception and 
efficiency dgizat for a pair of model propellers, one without and one with 
a tip bulb of thickness approximately 2 percent of the propeller diameter. 
As shown, the variation of cavitation inception index o as a function of 
advance coefficient J, is substantially lower for the bulbous tip propeller; 


A 
e.g., for J, ~ 0.65, Ao ~ 7.5, which corresponds to a ratio of free-stream 


speeds of eee The bulbous tip propeller suffers a maximum decrease in 
efficiency No ~ 4.5 percent. 

The results from the bulbous tip work appear promising, and the bulb 
May prove to be a viable concept for delaying tip vortex cavitation incep- 
tion. However, the bulb must be carefully designed to minimize both local 


cavitation and efficiency loss. 


TIP DUCT 

The tip duct consists of a faired tube attached to the transverse or 
chordwise edge of the wing tip. The duct outer surface acts similar to the 
bulbous tip, while the inner surface tends to destabilize the vortex core 
by retarding the core entry flow. Also, reverse swirl vanes can be added 
inside the duct in an attempt to induce rotational velocities to oppose the 
vortex rollup. Tip duct igneaisiigetions report only modest increase in 
effectiveness with a large increase in drag. Thus, this device does not 


appear to be suited for the marine propeller. 
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EFFICIENCY No 


TIP SPOILER 

The tip spoiler is similar to a fence, except that it is oriented ina 
spanwise manner, perpendicular to the incoming flow. Spoilers can be loc- 
ated at various chordwise locations on the wing pressure or suction side, 
but ideally the location should be such that the spoiler-increased turbulent 
flow is absorbed directly into the vortex core, thereby dissipating the 
vortex core energy. 

The numerous tip spoiler investigations generally concur that this 
device is highly effective; e.g., some negemns-” claim an 80 percent re- 
duction in the tip vortex circulation strength, while ornare” indicate 
that a small tip spoiler may be as effective as a much larger one, with 
substantially less parasitic drag. However, there also is a large discrep- 
ancy in the reported spoiler drag--from negligible to prohibitive. Again, 
based upon the possible performance penalty and the potential for local sur- 


face cavitation, spoilers hold little promise for application to propellers. 


TRAILING EDGE DEVICES: SPLINES AND HONEYCOMB 

Splines and honeycomb (shown in Figure 4) represent trailing edge de- 
vices which are located off the wing and just aft of the wing-tip trailing 
edge. These devices are positioned in the path of the tip vortex, the in- 
tent being to destroy the vortex structure and promote early decay. Recent 
investigations involving the application of these concepts to weaken large 


: iL 
aircraft vortex wakes senesien 2 e 


a high degree of effectiveness, but also 
an equally high increase in drag. 

The trailing edge devices operate in the downstream tip vortex wake 
region and, as such, do not affect either the rollup process on the wing or 
the tip vortex structure in the wing near field. On this basis, it appears 
that these devices would have little, if any, effect on the inception of 
tip vortex cavitation. In addition, for marine propeller application, these 


concepts would suffer obvious structural limitations. 
TIP MASS INJECTION 


As implied by the title, tip mass injection involves the ejection of a 


fluid in the vicinity of the wing tip vortex. Of all the devices reviewed, 


PAL 


this one has received the greatest attention (see Table 1). Basically, 
three mass ejection techniques are reported in the literature: linear or 
axial mass ejection, directly into the vortex core, with either an (a) up- 
stream or (b) downstream facing jet, and (c) spanwise mass ejection with an 
outboard facing jet. These injection schemes are illustrated in Figure 4. 
Linear mass ejection increases the core axial pressure and accelerates the 
vortex decay through the viscous interaction of the two flows. Spanwise 
mass ejection blocks or interrupts the vortex rollup as it forms along the 
tip chord and results in improved wing performance. 


pe) have repeatedly demonstrated the 


Linear mass ejection peuddes 
concept effectiveness with regard to dissipation of the vortex core energy 
with little or no effect on performance. The results of some linear mass 
ejection wind tunnel simieec? are given in Figure 10 which shows the vari- 
ation of vortex core relative vorticity intensity 2/25 as a function of jet 
momentum coefficient Gs with both an upstream and downstream facing jet, for 
various values of z/c. As indicated, for fixed values of ce the upstream 
facing jet appears to be more effective in reducing the vortex vorticity 
than the downstream one. However, the upstream configuration would require 
higher delivery pressures in order to overcome the opposing free-stream 
stagnation pressure. 

Spanwise mass ejection has been cron’ to be an effective means of 
altering tip vortex rollup and increasing wing performance. As shown in 
Figure 11, the spanwise ejection data indicate that, within one chord 
length downstream of the wing trailing edge, the peak rotational velocity 
is reduced by approximately a factor of 5, and the vortex sheet wrapup has 
been delayed beyond one chord length downstream. This is accompanied by an 
induced drag reduction of approximately 15 percent at operational lift co- 
efficients. Although these results are impressive, the spanwise mass 
ejection rates are an order of magnitude higher than the corresponding 
linear rates. 

There is little data on the correlation between the water mass 
ejection rates required to delay tip vortex cavitation and the reported air 


Mass rates required to reduce vortex core vorticity. Nevertheless, tip 
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mass ejection, especially linear, may prove to be an effective means of 
delaying tip vortex cavitation on marine propellers. Practically, the 
concept will be limited by the required delivery power, which will be aided 
by the centrifugal action of the propeller. 


OTHER CONCEPTS 

There are other tip vortex dissipation concepts which are not reported 
in the literature, e.g., elastic and flow separation tips and large tip 
skew. All of these ideas address the propeller nonhomogenous wake environ- 
ment and would tend to delay tip vortex cavitation by averaging the unsteady 
blade loading--i.e., by avoiding the unsteady high lift conditions, the 
unsteady tip vortex cavitation would be reduced. Both an elastomer tip sec- 
tion designed to deform to reduce camber and a flow separation tip section 
designed to have separation, at angles of attack larger than design, would 
present a more constant loading for a given wake variation. However, flow- 
separation-related cavitation may be a limitation here. Similarly, large 
tip skew, applied to that area of the blade span which directly controls the 
vortex rollup, would also tend to average the unsteady propeller loading 
due to wake nonuniformity. This idea could suffer possible structural 
limitations as a result of increased blade stresses. 

One final thought, a very recent, but not yet reported, concept aimed 
at delaying vortex cavitation involves the application of a localized arti- 
ficial surface roughness in the area of the wing tip. Earlier qualitative 
pediesn have shown that a roughened surface on the pressure side of the 
wing tip can reduce the tip vortex cavitation inception index 0 by approx- 
imately 20 percent. This lends support to the earlier hypothesis that the 
thickness of the wing tip viscous boundary layer plays an important role in 
the occurrence of tip vortex cavitation. Although no supporting performance 


data are available, this idea may warrant pursuit. 
SUMMARY AND CONCLUSIONS 


As mentioned earlier and reinforced in the above discussions, the large 


body of literature dealing with tip vortex delay offers limited guidance 
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when considering the effectiveness of a particular device to delay tip 
vortex cavitation on a marine propeller. The primary problem is that most 
of the studies are performed in air and involve investigations of the wing 
far-field wake. The crucial cavitation inception and performance data and 
the wing near-field wake data are generally not available. However, even 
with these limitations, the aircraft tip vortex alleviation work can provide 
some insight. For example, the trailing edge devices (splines and honey- 
comb) designed to mechanically destroy the tip vortex structure are subject 
to high drag and reduced efficiency; similarly, planform changes designed 

to thicken the tip boundary layer and increase tip vortex decay may, if not 
carefully designed, alter the spanwise loading and result in decreased 
efficiency; and, practically, all of these aircraft "add-on" devices are 
susceptible to local cavitation. One additional consideration which deserves 
mention: the marine propeller usually operates in a nonhomogenous wake and 
experiences a large angle of attack variation which results in rather 
dramatic changes in blade loading. Thus, any potential concept should also 
provide a reasonable degree of effectiveness for off-design operation. 

This requirement would tend to render less attractive such devices as the 
OGEE tip and endplates. 

In view of the foregoing discussions of the various devices and the 
additional requirements imposed for marine propeller application, three 
concepts appear to warrant further consideration with regard to their po- 
tential for delaying marine propeller tip vortex cavitation. They are 

¢ the bulbous tip 

° the porous tip 

e the linear mass injection tip. 

All of these candidates have been shown to be effective and reasonably 
efficient. 

The bulbous tip which represents the only concept with supporting cavi- 
tation inception data, has been shown to delay tip vortex cavitation on 
marine propellers with a small-to-modest efficiency loss. Optimization of 
the bulb design should result in additional improved performance. 

Similarly, the porous and linear mass ejection tips, with supporting 


data based only upon air studies, have been shown to significantly alter 
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and enhance tip vortex decay, with little or no efficiency loss. For the 
porous tip, care must be exercised in the perforation design to avoid local 
cavitation, while for the mass ejection tip, the mass flows must be 
minimized to be practical. 

Until improved analytical representation of the tip rollup process is 
realized, progress in this area must be made through empirical means. Thus, 
it is recommended that an experimental investigation be initiated to assess 
the potential of the above candidate tip vortex alleviation concepts. The 
investigative Reynolds number RA should be as high as possible, using large 
models, in order to minimize uncertainties when extending the model results 
to full-scale. In addition, the study should be conducted in a cavitation 
tunnel with an appropriate force dynamometer in order to provide the neces- 
sary tip vortex cavitation inception and performance data. Due to both a 
lack of existing data and a physical understanding, it would be prudent to 
keep the initial experimental effort fundamental and simple, employing, say, 
a fixed planar lifting surface. The particular concept adaptation to a 
propeller could come at a later stage. However, the parameters which tend 
to control the tip vortex rollup on a propeller blade should also be in- 
corporated into the fixed planar foil: e.g., the geometric planform, espe- 
cially the tip area, and the spanwise circulation or loading distribution. 
A representative planform would, obviously, be ellipitical, while the load- 
ing distribution should be similar to that of the outer portion of a typical 
marine propeller (e.g., see Figure 12). Finally, the investigative angle- 
of-attack range should be sufficient to evaluate the candidate concept 
performance for off-design operation. 

In conclusion, an attempt has been made to survey the pertinent litera- 
ture dealing with the tip vortex rollup phenomenon and, especially, its 
alleviation. The major dissipation concepts have been briefly discussed. 
Those few which appear adaptable for delaying tip vortex cavitation in 
marine propellers are identified, and appropriate experimental investiga- 
tions are recommended. The candidate concepts would appear to offer better 
tip vortex performance than is obtainable through the present technique of 


propeller spanwise unloading alone. 
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NAVOCEANSYSCEN 


PRERPRE 


1311/LIB 


13111/LIB 
2501/HOYT 
6005/FABULA 
NELSON 


NAVSEASYSCOM 


WENEBRPRPRPREPUFFP 


SEA 
SEA 
SEA 
SEA 
SEA 
SEA 
SEA 
SEA 
SEA 
SEA 
SEA 


03D 


Copies 


38 


63 


NAVSEASYSCOM (Continued) 
1 SEA 522 
SEA 524 
SEA 525 
SEA 08 
SEA 99632 
PMS 378 
PMS 380 
PMS 381 
PMS 383 
PMS 389 
PMS 391 
PMS 392 
PMS 393 
PMS 397 
PMS 399 


PREP RPRPRPREPRPEPENEEDN 


NAVSEC 6600 NORFOLK VA 
NAVFACENGCOM 032C 


MILITARY SEALIFT COMMAND 
(M-4EX) 


NAVSHIPYD/CHASN 
NAVSHIPYD/LBEACH 
NAVSHIPYD/MARE 
NAVSHIPYD/NORVA 
NAVSHIPYD/ PEARL 
NAVSHIPYD/PHILA 
NAVSHIPYD/PTSMH 
NAVSHIPYD/PUGET 
DDC 
BUSTAND/KLEBANOFF 
HQS COGARD 


US COAST GUARD (G-ENE-4A) 


LC/SCL & TECH DIV 


DIV SHIP DES 
COORD RES 
DASHNAW 
FALLS 
HAMMER 
LASKY 
NACHTSHEIM 
SCHUBERT 
SIEBOLD 


PRPRPRPRPRPREE 


MMA 
1 LIB 
1 MARITIME RES CEN 


NASA STIF 
1 DIR RES 


NSF ENGR DIV LIB 
DOT LIB 
U BRIDGEPORT/URAM 
U CAL BERKELEY 
1 DEPT NAME 
1 WEHAUSEN 
U CAL SAN DIEGO/ELLIS 
UC SCRIPPS 
1 POLLACK 
1 SILVERMAN 
CIT 
1 AERO LIB 
1 ACOSTA 
1 PLESSET 
1 WU 
CATHOLIC U 
COLORADO STATE U/ALBERTSON 
U CONNECTICUT/SCOTTRON 


CORNELL U/SEARS 


Copies 
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1 


3 


FLORIDA ATLANTIC U/OE LIB 


HARVARD U 
1 MCKAY LIB 
1 BIRKHOFF 
1 CARRIER 


U HAWAII/BRETSCHNEIDER 
U ILLINOIS/ROBERTSON 


U IOWA 
1 ROUSE 
1 IHR/KENNEDY 
1 IHR/LANDWEBER 


JOHNS HOPKINS U 
1 PHILLIPS 
1 INST COOP RES 


U KANSAS/CIV ENGR LIB 

KANSAS ST U ENGR EXP/NESMITH 
LEHIGH U FRITZ ENGR LAB/LIB 

LONG ISLAND U 

U MARYLAND/GLEN MARTIN INST 

OCEAN ENGR/LIB 

OCEAN ENGR/KERWIN 

OCEAN ENGR/LEEHEY 

OCEAN ENGR/LYON 

OCEAN ENGR/MANDEL 


OCEAN ENGR/ NEWMAN 
PARSONS LAB/IPPEN 


Ss 
Pe Cael ale 


U MICHIGAN 
1 NAME LIB 
1 NAME/COUCH 
1 DEPT/HAMMITT 
1 NAME/OGILVIE 
1 WILLOW RUN LABS 
1 NAME/VORUS 


U MINNESOTA SAFHL 
1 ARNDT 

1 KILLEN 

1 SONG 

1 WETZEL 


NOTRE DAME/ENGR LIB 


PENN STATE U/ARL 
1 LIB 
1 HENDERSON 
1 PARKIN 
1 THOMPSON 
1 TSUCHIMA 


PRINCETON U/MELLOR 
RENSSELAER/DEPT MATH 
ST JOHNS U 


SWRI 

1 APPLIED MECH REVIEW 
1 ABRAMSON 

1 BURNSIDE 


STANFORD U/ASHLEY 
STANFORD RES INST/LIB 


SIT DAVIDSON LAB 
1 LIB 

1 BRESLIN 

1 COX 

1 TSAKONAS 

1 VALENTINE 


TEXAS U ARL/LIB 
UTAH STATE U 
1 JEPPSON 
1 TULLIS 
U WASHINGTON APL/LIB 
WEBB INST 


1 LEWIS 
1 WARD 
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Copies 
iL 


1 


WHOI OCEAN ENGR DEPT 
WPI ALDEN HYDR LAB/LIB 
ASME/RES COMM INFO 
ASNE 

SNAME 
AERO JET-GENERAL/BECKWITH 
ALLIS CHALMERS, YORK, PA 
ARCTEC, INC/NELKA 
AVCO LYCOMING 
BAKER MANUFACTURING 
BATH IRON WORKS CORP 

1 HANSEN 

1 FFG PROJECT OFFICE 
BETHLEHEM STEEL NY/DE LUCE 
BETHLEHEM STEEL SPARROWS 
BIRD-JOHNSON CO 

1 CASE 

1 RIDLEY 
BOEING ADV MAR SYS DIV 
BOLT BERANEK AND NEWMAN 

1 BROWN 

1 JACKSON 
BREWER ENGR LAB 
CAMBRIDGE ACOUS/JUNGER 
CALSPAN, INC/RITTER 
DOUGLAS AIRCRAFT 


1 HESS 
1 SMITH 


EASTERN RES GROUP 
EXXON DES DIV 
FRIEDE & GOLDMAN/MICHEL 


GEN DYN CONVAIR 
ASW-MARINE SCIENCES 


GEN DYN ELEC BOAT/BOATWRIGHT 
GIBBS & COX 

1 TECH LIB 

1 CAPT. NELSON 

1 OLSON 
GRUMMAN AEROSPACE/CARL 
HYDRONAUTICS 

1 DUNNE 

1 SCHERER 

1 LIBRARY 

INGALLS SHIPBUILDING 
INST FOR DEFENSE ANAL 
ITEK VIDYA 
LITTLETON R & ENGR CORP/REED 
LITTON INDUSTRIES 
LOCKHEED M&S/WAID 
MARINE VIBRATION ASSOC 

1 BRADSHOW 

1 VASSILOPOULIS 
NAR SPACE/UJIHARA 
NATIONAL STEEL & SHIPBLDG 
NEWPORT NEWS SHIPBLDG/LIB 
NIELSON ENGR/SPANGLER 


OCEANICS/KAPLAN 
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For 


ibe) 
UF OFF FPF PREFER 


| 


PROPULSION DYNAMICS, INC 
K.E. SCHOENHERR 
GEORGE G. SHARP 
SPERRY SYS MGMT LIB/SHAPIRO 
SUN SHIPBUILDING 
1 PAVLIK 
1 SINGH 
ROBERT TAGGART 
TETRA TECH PASADENA/CHAPKIS 
TRACOR 
UNITED AIRCRAFT HAMILTON 
STANDARD/ CORNELL 
CENTER DISTRIBUTION 


Code Name 


11 W. Ellsworth 
1102.1 J. Stevens 


15 W. Morgan (Acting) 
1509 H. Pollard 
152 W. Lin 
1524 

1524 W. Day 
1524 R. Hecker 
1524 K. Remmers 
1524 R. Roddy 
1532 G. Dobay 
154 

1544 R. Boswell 
1544 R. Cumming 
1544 G. Platzer 
1556 G. Santore 
1556 W. Souders 


Copies 


BR 


10 


Code 


156 


Le 
1720.6 


19 
1962 
1962 
SiLILo AL 
522.1 
So? 


Name 


wW 


- Hagen 


- Krenzke 


- Rockwell 


- Sevik 


C. Noonan 
A. 


Zaloumis 


Reports Distribution 
Library (C) 
Library (A) 
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